There is increasing evidence that an intracellular surplus of long chain FAs can cause metabolic trauma to the cells of the heart (1, 2), pancreatic islets (3), and perhaps other organs, so-called "lipotoxicity" (4, 5) . Increased triacylglycerol (TG) content in nonadipose organs provides a useful index of the magnitude of the lipid surplus in obesity, a common cause of ectopic lipid deposition in animals (4) and humans (6, 7) . Although TGs may not be damaging of themselves (8) , their presence in excess may indicate the likelihood that other more harmful lipid derivatives are present. Whenever FA uptake and/or production exceeds the oxidative requirements of a cell, unutilized FA may enter deleterious pathways, such as de novo ceramide formation (9) . The resulting apoptosis causes a loss of cardiomyocytes and ␤ -cells, leading, respectively, to lipotoxic cardiomyopathy (1) and noninsulin-dependent diabetes mellitus (3) . It seems likely, therefore, that protective mechanisms against such serious consequences of overnutrition would exist.
Compensatory increase in FA oxidation is one protective mechanism that has been proposed (10) . There is evidence that, as diet-induced obesity develops, normal adipocytes protect nonadipose tissues from lipotoxicity by secreting adipocytokines, such as leptin and adiponectin, that stimulate FA oxidation (10) . A second potentially protective mechanism would be the export of surplus FA from lipid-laden nonadipocytes. The recently proposed secretion of FA as very low density lipoproteins (11) would fall into this category. In the present study, we examined another possible export route, that of reverse FA transport, as a possible exit strategy for the unoxidized lipids. Although export of FA from a nonadipose tissue has never been demonstrated, the concept of reverse FA transport is not new. Myocardial FA release from the human heart has been invoked by several groups to account for discrepancies between arterial and coronary sinus concentrations of radiolabeled and unlabeled FA acids in calculating FA extraction by human (12) (13) (14) (15) , dog (16) , and rat (17) hearts.
Here we provide direct evidence for the existence of reverse FA transport from both isolated rat cardiomyocytes and from the intact rat heart studied ex vivo. The results strongly imply that, under conditions of intracellular overload, and/or when mitochondrial oxidation is impaired, quantitatively important reverse transport of FA can occur. Moreover, the FA export rate is enhanced by insulin. This raises the interesting possibility of a two-way FA flux. During postprandial hyperinsulinemia, the translocation of FA transporters to the surface of lipid-laden nonadipocytes would permit the efflux of unoxidized FA while suppressing lipolysis in adipocytes. Conversely, during fasting and exercise, when insulin levels are low, the familiar flux of FA from adipocytes to nonadipocytes would occur.
MATERIALS
[1-14 C]palmitate was obtained from Amersham (Amersham Biosciences, Piscataway, NJ). Essentially FA-free BSA, neutral lipids, phloretin, and DIDS were purchased from Sigma-Aldrich (St. Louis, MO). Etomoxir was obtained from ASAT AG (Switzerland).
Animals
Male obese Zucker Diabetic Fatty (ZDF) homozygous ( fa / fa ) and lean wild-type rats bred in our laboratory were used in the ex vivo studies. Neonatal Sprague-Dawley rats were used as a source of cardiomyocytes for in vitro culture experiments. Animals were housed in the Dallas, TX, Veterans Affairs Animal Resources Center with a 12 h light/12 h dark cycle, and had access to standard lab chow and water ad libitum. ZDF rats were anesthetized with an intraperitoneal injection of a ketamine-xylazine mixture before administration of etomoxir (5 mol/100 g of body weight) and again ‫ف‬ 1 h later, prior to rapid excision of the heart. All experimental procedures were approved by the Institutional Animal Care and Use Committee at the Veterans Affairs North Texas Health Care System. Animals received either standard chow containing 6% fat or a high-fat diet containing 60% fat.
Cardiomyocyte isolation
A pool of cardiomyocytes was prepared from ten 3 day old Sprague-Dawley rats using a neonatal cardiomyocyte isolation system (Worthington, Lakewood, NJ). Cardiomyocytes (5 ϫ 10 5 cells) were plated in tissue culture dishes coated with collagen in a 4:1 mixture of DMEM and M199 supplemented with 10% horse serum, 5% fetal calf serum (FCS), 10 U/ml of penicillin, 10 g/ml of streptomycin, and 2 mM glutamine. Reverse FA transport was assessed in cardiomyocytes after 12 h of incubation. No noticeable loss of cardiomyocytes or change in their function was observed during that time.
Reverse FA transport assay
Cardiomyocytes were preincubated with 10 M etomoxir for 1 h and then treated with 0.1 mM palmitate containing 1 Ci of 14 Cpalmitate in the presence or absence of 0.5 mM of phloretin or 0.4 mM DIDS for 12 h in the culture medium. Cells were then washed three times with PBS and radiolabeled FFA release into the culture medium (4:1 mixture of DMEM and M199, 0.5% BSA and antibiotics) was examined over a 3 h period. Lipids from the culture supernatant and cell pellet were extracted and TLC was performed (18) .
Thin-layer chromatography (TLC)
Silica gel G preabsorbent thin-layer plates were purchased from Merck (Rahway, NJ), and were used without an activation or washing procedure. All solvents were the best analytical grade. Neutral lipid TLC systems were used with n -heptane-diethyl ether-acetic acid (75:25:4) as the solvent. Cells were extracted with chloroformmethanol (2:1) and reduced to dryness at room temperature under a stream of nitrogen. The residue was dissolved in 0.1 ml chloroform-methanol (2:1 v/v), and spotted onto the TLC plate. Plates were dried and exposed to phosphoimager (Molecular Imager System, GS-363, Bio-Rad, Hercules, CA). The following molecular species of unlabeled neutral lipids were used as standards for the TLC experiments: cholesterol, cholesteryl palmitate, tripalmitin, and palmitate. The plate was run on the same chamber at the same time. After drying, the plate was sprayed with 10% cupric sulfate (w/v) in 8% phosphoric acid (v/v) and heated in an oven at 100 Њ C for 5 min.
Langendorff heart perfusion
After the trimming off of all visible fat and other nonmyocardial tissue, isolated hearts were retrogradely perfused via the aorta at a pressure of 100 cm H 2 O. The Krebs-Henseleit perfusate contained 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 1.2 mM CaCl 2 , 5.5 mM glucose, and 2% FA-free BSA. Perfusate was equilibrated with 95% O 2 and 5% CO 2 using a thin-film oxygenator. Hearts and perfusate were maintained at 37 Њ C using a water-jacketed system. Left ventricular function was continuously monitored by a pressure transducer inserted into the left ventricle across the mitral valve. Identical perfusate containing 100 nM insulin was perfused for 50 min after 10 min of perfusion without insulin. A T-valve system was used to switch from one perfusate to another. Cardiac effluent was collected in 10 min aliquots from the perfusate surrounding the heart using a pump with the collection line placed just above the heart. After an experiment, all aliquots of effluent were concentrated in a rotary evaporator (SpeedVac: Savant Instruments, Farmingdale, NY; Flexi-Dry microprocessor lyophilizer: FTS Systems, Stone Ridge, NY). FFAs were measured enzymatically using a commercially available kit (NEFA kit: Wako Chemical USA, Richmond, VA). Creatine kinase activity (Diagnostic Chemicals, Charlottetown, Prince Edward Island, Canada) was quantified. To exclude loss of cellular integrity after Langendorff perfusion, heart tissue was fixed in glutaraldehyde, postfixed in osmium tetroxide, and embedded in epoxy resin for examination. Sections were examined under transmission electron microscopy (JEOL USA, Peabody, MA).
Determination of myocardial TG content
A portion of the left ventricle was dissected from the heart after meticulous removal of epicardial adipose tissue by abrasion and scraping. Total lipids were extracted from 0.1 g of tissue as described previously (3) . In cardiomyocytes, lipids were extracted in a chloroform-methanol (2:1) mixture and TG was resolubilized from dry material derived from evaporation of the chloroform phase in 30 l of tert -butyl alcohol and 20 l of Triton X-100-methyl alcohol mixture (1:1 v/v). TG content was measured with a TG diagnostic kit (Sigma).
Quantitative real-time RT-PCR
To exclude the possibility that the myocardial tissues contained undetected adipocytes, we measured the mRNA of an adipocytespecific marker, aP2. Total RNA was extracted by the Trizol isolation method according to the manufacturer's protocol (Life Technologies, Gaithersburg, MD). Total RNA (2 g) was treated with RNase-free DNase (Invitrogen, Carlsbad, CA) and first-strand cDNA was generated with the random hexamer primer in the first-strand cDNA synthesis kit (Applied Biosystems, Foster City, CA). Specific primers for aP2 were designed using primer express software (Applied Biosystems). The primer sequences were GGCTTCGCCAC-CAGGAA (forward) and CCCTTCTACGCTGATGATCAAGT (reverse). The sequence for the control 18S rRNA was purchased from Applied Biosystems and used as the invariant control. The real-time PCR reaction contained in a final volume of 10 l, 10 ng of reverse transcribed total RNA, 167 nM of forward and reverse primers, and 2 ϫ PCR master mix. PCR reaction was carried out in 384-well plates using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). All reactions were done in triplicate.
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Statistics
Results are reported as mean Ϯ standard deviation. Statistical analysis of the data was performed with Student's t -test.
RESULTS
C-FA export from cultured cardiomyocytes
To determine if reverse FA transport is demonstrable in cultured neonatal cardiomyocytes, the cells were incubated with 14 C-palmitate with etomoxir added to minimize mitochondrial oxidation ( Fig. 1 ) . Twelve hours later, 25% of the label was present in the washed cells in the form of TG, with a small amount present as cholesteryl ester. During a subsequent 3 h period of incubation in fresh medium, 4.5% of the intracellular label appeared outside the cells (Fig. 1A) . The radioactivity comigrated with 14 C-palmitate on TLC (Fig. 1B) . In the absence of etomoxir, both the intracellular accumulation of labeled TG and the extracellular appearance of labeled FA were substantially lower, suggesting that both the intracellular accumulation of FA as TG and reverse FA transport are minimal in cardiomyocytes under normal conditions of unimpeded FA oxidation. The FA transporter FAT/CD-36 (19) (20) . When the cardiomyocytes were incubated with insulin in the presence of etomoxir, intracellular TG was increased 2-fold ( Fig. 2A ) , consistent with earlier reports of increased insulin-stimulated FA uptake (20) . The appearance of 14 C-FA in the medium was also increased 2-fold by insulin (Fig. 2B) . Enhancement of both FA import and export by insulin is consistent with insulin-stimulated translocation of a bidirectional transporter that can enhance FA flux into and out of cardiomyocytes, the direction of flow presumably determined by the concentration gradient across the plasma membrane.
Effects of FA transport inhibitors
For further evidence of a role of FA transporters in these events, we examined the effects of phloretin, a Ca 2 ϩ channel inhibitor that also inhibits FA and glucose transport, and DIDS, a cellular anion channel inhibitor that has been shown to inhibit FAT/CD36 (21) . Uptake of 14 Cpalmitate and export of 14 C-FA were reduced by 60% and 66%, respectively, by phloretin and by 62% and 75% by DIDS (Fig. 2B) . Although both DIDS and phloretin have pleiotropic actions and are not considered specific inhibitors of proteins involved in FA transport, their effects on FA transport could conceivably involve FA transporter proteins. Taken together, these data are consistent with involvement of FAT/CD-36 in FA flux. To determine if the foregoing results obtained with radiolabeled palmitate are reflected by changes in total TG, we measured the cardiomyocyte TG content biochemically ( Fig. 2A) . The results were remarkably similar, showing increased TG in etomoxir-treated and insulin-treated cells and a decrease when cells were exposed to phloretin or DIDS.
Time course of FA efflux
To determine the time course of reverse FA transport, we incubated washed cells previously exposed to labeled palmitate in fresh medium for 12 h, and measured the rate of decline in intracellular 14 C-TG and the appearance of 14 C-FA in the medium. The rate of decline was 6.0%/h ( Fig. 3A ) . Intracellular TG measured biochemically declined by 5.3%/h (Fig. 3B) . Neither TG nor glycerol was detected in the extracellular fluid.
FA release in the Langendorff heart perfusion system
To determine if the reverse FA transport demonstrated in vitro also occurs in the intact heart, we used the Langendorff heart perfusion system. At 1 h before hanging the heart, the animals were injected with 5 mol/100 g of body weight of etomoxir to inhibit FA oxidation. This dose, which was three times that employed by Esser's group (22) , elicited a rise in plasma FA concentrations from 465 Ϯ 268 mol to 1,567 Ϯ 645 mol, presumably reflecting an overall decrease in FA oxidation. Hearts were then excised and perfused for 60 min and effluent was collected at 10 min intervals.
We compared the total FA released (concentration ϫ flow) during the second 10 min from wild-type and fatty ZDF hearts. This time period was selected because the effluent was unlikely to contain any residual plasma FA that might contaminate perfusate obtained during the first 10 min of perfusion and yet the condition of the heart would still be optimal. As shown in Fig. 4A , in 12 week old lean wild-type ZDF rats on a normal diet, FA release in the second aliquot was 221 Ϯ 59 nmol/10 min; hearts from similar rats on a high-fat diet for 6 weeks released significantly more FA (366 Ϯ 172 nmol/10 min; P Ͻ 0.05).
To determine if the magnitude of outward flux of FA was proportional to the preperfusion myocardial TG content, we measured the mean TG content of unperfused hearts from littermates not selected for perfusion but otherwise identical to the lean and obese rats selected for the perfusion experiments. TG content values are included in Fig. 4A and B. The TG content in unperfused hearts of FFA release from intact hearts in nmol/10 min (concentration ϫ flow) from hearts isolated and perfused for 60 min using the Langendorff perfused heart system. Perfusate was collected at 10 min intervals. FFA concentrations in the second 10 min aliquot were analyzed. A: Wild-type (ϩ/ϩ), lean ZDF on normal (N) or high-fat (H) diets. B: Obese (fa/fa) ZDF rats on a normal diet. Preperfusion TG content was measured in hearts of unperfused, age-matched littermates. *P Ͻ 0.05, **P Ͻ 0.01. C: FFA release as a function of the baseline TG content of the heart before perfusion in lean, wild-type (ϩ/ϩ) ZDF rats on either a 6% or 60% fat intake and obese (fa/fa) ZDF rats on an ad libitum 6% fat diet. FFA release from perfused heart during a 10 min perfusion period as a function of the TG content based on measurement in unperfused hearts of matched rats. These include mean data points of all experiments (ϩ/ϩ and fa/fa rats).
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notion that the release of FA into the effluent is related to the magnitude of the lipid excess (Fig. 4C) . Neither TG nor glycerol was detected in the effluent.
Despite careful removal of epicardial fat prior to perfusing the hearts, it seemed possible that at least some of the measured TG and the FA appearing in the perfusate might be derived from contaminating adipocytes that had escaped detection. To determine if contamination by intramyocardial adipocytes could account for the intergroup differences in TG content and in FA released into the perfusate, we compared the abundance of mRNA of aP2, an adipocyte-binding protein expressed in adipocytes (23) . No significant differences in aP2 mRNA were noted (Fig. 4A) .
Obese ZDF rats have a loss-of-function mutation in their leptin receptor (24) and exhibit a high TG content in their hearts (1) . Hearts from obese ZDF rats released 257 Ϯ 74 nmol/10 min of FA without pretreatment with etomoxir ( Fig. 4B) , whereas FA release from the hearts of wild-type lean ZDF rats was undetectable without etomoxir, even after high-fat feeding (Fig. 4A) . After etomoxir treatment, FA release in 8 week old obese ZDF rats was 744 Ϯ 260 nmol/ 10 min and 1,578 Ϯ 630 nmol/10 min in 12 week old obese ZDF rats (P Ͻ 0.01). aP2 mRNA was compared in these obese rats; again, no differences were observed (Fig. 4B) . Thus, it seems unlikely that differences in FA released by these hearts were derived from contamination by adipocytes.
Effect of insulin on FA release from perfused hearts
To determine the effect of insulin on FA release from the heart, insulin was perfused in the hearts isolated from wild-type ZDF rats on a high-fat diet. Total FA release during 60 min of perfusion rose from 1,618 Ϯ 402 nmol without insulin to 2,135 Ϯ 393 nmol with insulin; postperfusion myocardial TG content decreased from 4.27 Ϯ 0.06 mg/g tissue without insulin to 3.68 Ϯ 0.29 mg/g tissue after treatment with insulin ( Fig. 5) (P Ͻ 0.05).
Assessing perfusion-induced myocardial damage
Ex vivo perfusion of an organ ultimately results in damage and death of its cells. To exclude structural damage to the heart tissue during the experimental time frames studied, we measured creatine kinase in the perfusate after Langendorff heart perfusion. Creatine kinase was undetectable. Hearts obtained at the end of the perfusion were also examined electron microscopically and no morphological damage was observed (data not shown). We conclude that cardiomyocytes were uninjured during the time frame of our experiments.
DISCUSSION
FA flux has always been viewed as unidirectional, flowing from adipocytes to nonadipose organs such as heart and skeletal muscle (25) . Lipolysis from adipocytes provides a source of fuel for these organs during hypoinsulinemic periods of fasting and/or exercise. Efflux of FA from lean organs to adipocytes and/or liver has never been demonstrated, despite suggestive evidence. In 1969, Most et al. (12) reported that the fractional extraction of labeled FA by the resting human heart was nearly twice that of unlabeled FA, raising the possibility of FA release into the coronary sinus. To our knowledge, no further direct studies were conducted.
Not until Bjorkegren et al. (11) described the phenomenon of lipoprotein secretion by the beating heart was the concept of a nonoxidative pathway for the export of unoxidized FA identified. In view of the importance of intracellular lipid homeostasis to the normal function and survival of nonadipocytes, it is not surprising that vital organs such as the heart would have an auxiliary means of self-protection from lipotoxicity, rather than relying entirely on compensatory FA oxidation to reduce a surplus. We hypothesize that under normal circumstances, as insulin levels rise postprandially, plasma FA levels are lowered both by increased adipocyte import and by antilipolytic action on adipocytes. Our data suggest that plasma FA may also be lowered to some degree by increased uptake by insulin-responsive nonadipose tissue. Outward FA transport stimulated by insulin would occur from nonadipocytes only if FA oxidation were reduced and/ or intracellular FA influx had created a FA gradient favoring efflux through translocated FA transporters. Although we could detect no extracellular TG or glycerol in the FA-containing media examined, the possibility that FA was derived from TG efflux cannot be categorically ruled out.
We now recognize that lipid overload may occur in many disorders commonly encountered in clinical medicine, in addition to rare genetic disorders, such as congenital generalized lipodystrophy, congenital leptin deficiency and leptin resistance. Cardiac steatosis occurs most commonly in diet-induced obesity (7) and in hypoxic states (26) ; reverse FA transport would be expected to be activated in clinical disorders such as these and whenever FA oxidation is decreased or the influx of FA exceeds the oxidative capacity of the organ. It is clear that insulin stimulates glucose utilization and decreases FA utilization by the heart, but the physiologic role of insulin-stimulated FA uptake in isolated cardiomyocytes is at present unclear.
In the present study we examined FA export in vitro and ex vivo. We observed an increase in reverse FA flux whenever FA oxidation was blocked by etomoxir and whenever the TG content of the myocardium was elevated either by overnutrition or by resistance to the antisteatotic action of the liporegulatory hormone, leptin. In both model systems, insulin increased the rate of FA influx and efflux. This is consistent with translocation of a FA transporter, such as the FAT/CD36 (19) to the plasma membrane, after which the direction of FA flux would be determined by the FA gradient. In the presence of insulin, DIDS reduced FA import to 38% of the control and lowered FA export to 25% of the control. These results are consistent with involvement of the Abumrad transporter (19), but more specific inhibitors would be needed to prove this.
Palmitoyl CoA condenses with serine in the first step of de novo ceramide formation. Ceramide is considered to be a major factor in the lipoapoptosis that frequently occurs in lipid-overladen cells (2, 10) . Thus, palmitate export may play an important protective role in limiting ceramideinduced lipotoxicity and lipoapoptosis. In the etomoxirtreated rats, in which the oxidative pathway had been closed, the increase in FA release induced by insulin was reflected by a reduction in cardiac TG content, evidence that the export of FA can be quantitatively significant. The data suggest the existence of a previously unsuspected insulin-stimulated efflux system through which surplus FA can be exported when compensatory oxidation is reduced. Its implications in human heart disease remain to be explored. This study was supported by NIDDK-002700-46, the Department of Veterans Affairs Merit Review, and the Jensen Charitable Lead Trust. The authors thank Dr. Victoria Esser for helping with the cardiomyocyte isolation and Dr. Nada Abumrad for providing reagents and suggestions.
